Date palm is an important crop plant in the arid and semi-arid regions supporting human population in the Middle East and North Africa. These areas have been largely affected by drought and salinity due to insufficient rainfall and improper irrigation practices. Date palm is a relatively salt-and drought-tolerant plant and more recently efforts have been directed to identifying genes and pathways that confer stress tolerance in this species. Quantitative real-time PCR (qPCR) is a promising technique for the analysis of stress-induced differential gene expression, which involves the use of stable reference genes for normalizing gene expression. In an attempt to find the best reference genes for date palm's drought and salinity research, we evaluated the stability of 12 most commonly used reference genes using the geNorm, NormFinder, BestKeeper statistical algorithms and the comparative ΔC T method. The comprehensive results revealed that HEAT SHOCK PROTEIN (HSP), UBIQUITIN (UBQ) and YTH domain-containing family protein (YT521) were stable in drought-stressed leaves whereas GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGE-NASE (GAPDH), ACTIN and TUBULIN were stable in drought-stressed roots. On the other hand, SMALL SUBUNIT RIBOSOMAL RNA (25S), YT521 and 18S ribosomal RNA (18S); and UBQ, ACTIN and ELONGATION FACTOR 1-ALPHA (eEF1a) were stable in leaves and roots, respectively, under salt stress. The stability of these reference genes was verified by using the abiotic stress-responsive CYTOSOLIC Cu/Zn SUPEROXIDE DISMUT-ASE (Cyt-Cu/Zn SOD), an ABA RECEPTOR, and a PROLINE TRANSPORTER 2 (PRO) genes. A combination of top 2 or 3 stable reference genes were found to be suitable for normalization of the target gene expression and will facilitate gene expression analysis studies aimed at identifying functional genes associated with drought and salinity tolerance in date palm.
Introduction
Date palm (Phoenix dactylifera L.) is one of the most important socio-economic plants in arid and semi-arid regions, where fresh water is very limited. It is of great spiritual and cultural significance to the people in these areas [1] . In Oman, for example date palms are primary fruit crops comprising about 50% of total agricultural and 80% of total fruit production [2] . Because the availability of fresh water is very limited in this region, the growth and development of date palm is frequently affected by drought stress, which together with salinity, adversely affects plant productivity [3] . Owing to this problem, the number of date palm trees and their production have significantly decreased in recent years [4] .
Soil salinization is one of the major abiotic stresses affecting plant growth and productivity worldwide [5] . The main reason for increasing soil salinity is over exploitation of ground water resources near coastal areas, which often leads to sea water mixing with groundwater [6] . Also, irrigation with saline water and lack of rainfall contribute to soil salinity [7] . A number of adaptive mechanisms to salinity and drought have been identified in plants [8, 9, 10, 11, 12] and some of the mechanisms are common between these two stresses [13] . These common strategies include upregulation of dehydration-response element-binding proteins [14, 15] , enhanced water uptake and hydraulic conductivity (aquaporins) [16, 17] , accumulation of osmolytes (such as sugars, polyols, proline and glycine betaine) and late embryogenesis abundant protein (dehydrins) [18] as well as enhanced antioxidant systems [19] .
Profiling stress-induced differential gene expression can yield valuable information on adaptive mechanisms in date palm [20, 21] . Quantitative real time PCR (qPCR), which is a commonly used technique to study mRNA abundances, has become a powerful tool for quantifying gene expression. However, for accurate quantification of gene expression, proper reference genes for normalization must be used.
Housekeeping genes are important for basic maintenance of the cell and have a relatively stable expression both under normal and stress conditions as well as developmental stages of the plant, and different tissues within the plant. A number of housekeeping genes such as ß-ACTIN, GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE (GAPDH), 18S RIBO-SOMAL RNA (18S), 25S RIBOSOMAL RNA (25S), UBIQUITIN (UBQ), ELONGATION FAC-TOR 1-A (eEF1α) and TUBULIN have been used as reference genes for normalization of target gene expression in different plant species [22, 23, 24] . However, wide variation in expression of housekeeping genes exists under stress conditions [25] . Therefore, selection of more stable reference genes is important to correctly measure the abundances of differentially expressed genes. Consequently, before analyzing the expression of target genes under a given stress for a plant of interest it is imperative to first identify stably expressed reference genes. Although the date palm genome has been sequenced and significant portion of the genome has been annotated [26, 27, 28] , most of the genes remain functionally uncharacterized. Furthermore, despite being widely cultivated in stress-prone regions, the molecular basis of stress tolerance is poorly investigated in date palm. As a prelude to functionally characterize stress-associated genes, it is important to establish the stable reference genes for the plant. The present study was therefore undertaken to identify stable reference genes for date palm both under salinity and drought.
pots were maintained in a growth chamber with 30°C, 350 μmol.m -2 .s -1 light intensity and a 16
h/8 h light/dark cycle. The plants were monitored and watered to field capacity as required [29] .
Drought and salt stress treatments
To impose treatments, 8-week-old plants were separated into three groups, i.e., control, drought and salinity. Drought was imposed by withholding water for 2 weeks and salt stress by irrigating pots with 300 mM NaCl every 3 days for 2 weeks. The control plants were irrigated with distilled water as required. The electrical conductivity (EC), moisture content and temperature of the soil were monitored regularly using an Em50 Data logger (Decagon Devices, WA, USA).
Total RNA isolation
Root samples of control, salinity-and drought-stressed plants were crushed to fine powder in pre-chilled mortar, using liquid nitrogen. Total RNA from date palm root was extracted using MRIP extraction buffer as described previously [30] . In brief, MRIP extraction buffer was added to powdered samples, vortexed thoroughly and incubated at room temperature for 5 min. Then, one fifth volume of chloroform was added, mixed thoroughly, incubated at room temperature for 5 min, and centrifuged at 12,000 g for 10 min at 4°C. The supernatant was transferred to a fresh tube and an equal volume of chilled isopropanol was added, followed by a 10 min incubation on ice. The precipitated RNA was then pelleted by centrifugation at 12,000 g for 10 min at 4°C, washed with cold 70% ethanol and air-dried for 10 min and was re-suspended in 50 μL of nuclease-free water. Total RNA isolation from leaves was performed as follows. Leaves were pulverized to a fine powder in pre-chilled mortar using liquid nitrogen and 0.5 g powdered sample was transferred to 1.5 mL tubes, to which 500 μL of cold extraction buffer [100 mM Tris-HCl pH 8.0, 0.5% NP-40, 50 mM EDTA, 5% β-mercaptoethanol, 1% PVP] [31] was added and mixed vigorously. After incubating for 10 min at room temperature, phenol-chloroform (5:1, pH 4.5) was added, mixed and the tubes centrifuged at 12,000 g for 10 min at 4°C. The supernatant was again extracted with 1/5 th volume of chloroform, to which 400 μL of chilled isopropanol and 100 μL of 5 M NaCl solution were added and incubated on ice for 10 min. RNA was later pelleted by centrifuging at 12,000 g for 10 min at 4°C, and re-suspended in 50 μL of nuclease-free water. The extracted RNA from leaf and root tissues was treated with RNase free DNase I (Qiagen, USA), using the RNeasy Plant Mini kit (Qiagen, USA) following the manufacturer' instructions. The quantity and quality of the RNA was determined spectrophotometrically, using Nanodrop 2000 (Thermo Scientific) and by 1% TAE agarose gel electrophoresis.
Selection of reference genes and primer designing
Twelve most commonly used reference genes were selected based on gene expression studies in different plant species [22, 23, 24] (Table 1 ). The genes from rice were selected and their homologs were searched from the date palm database using BLAST (https://blast.ncbi.nlm.nih.gov/ Blast.cgi). Primers were designed using the Primer Express 3.0.1 software (Applied Biosystem, USA), with the following default parameters: optimum primer length 20 bases, minimum length 9 bases and maximum length 40 bases; maximum melting temperature 60°C and minimum 58°C; maximum amplicon length 150 bp and minimum 50 bp; maximum GC content 80% and minimum 30%. The amplification efficiency (E) of the primers were determined from standard curve of serially diluted cDNA using the formula E (%) = (10 −1/slope -1) × 100. All primers showed E values more than 90%. Reverse transcription and Quantitative Real-time PCR Total RNA (500 ng) was converted into cDNA, using SuperScript TM IV First-Strand Synthesis System kit (Invitrogen, USA) according to the manufacturer's instructions. The diluted (10 fold) cDNA was used for qPCR in a CFX96 Touch TM Real-Time PCR Detection System (BioRad, USA). For qPCR reactions, 5 μL Fast SYBR1 Green Master Mix (Applied Biosystem, USA), 0.1 μL of each primer (10 pmole), 2 μL of diluted cDNA and 2.8 μL of nuclease-free water was used. The reaction conditions used were as follows; 95°C for 20 sec followed by 40 cycles of 95°C for 3 sec, and 60°C for 30 sec. The qPCR was performed using three biological replicates and two technical replicates following MIQE guideline [32] .
Gene expression analysis
The stability of the reference genes was verified using the computer-based statistical programs geNorm [33] , Normfinder [34] , and BestKeeper, [35] and the comparative ΔC T method [36] . The geNORM is a statistical algorithm which determines the gene stability measure (M) of all genes under investigation, based on the geometric averaging of multiple control genes and mean pairwise variation of a gene from all other control genes in a given sample. The geNORM operates on the principle that the expression ratio of two ideal internal control genes is identical in all samples, regardless of the experimental condition and cell-type. NormFinder is a mathematical model, which also evaluates the expression stability of candidate reference genes. It estimates the stability value of all tested genes based on intra-and inter-group variation. The genes with less stability values are considered to be the most stable, whereas those with highest stability values are ranked as the least stable. BestKeeper is an Excel-based tool that estimates inter-gene relations of possible reference gene pairs by performing numerous pairwise correlation analyses using raw Cq values of each gene. All genes are included in the calculation of the BestKeeper index, which is used to rank the best reference genes since the stable reference genes show strong correlation with the BestKeeper index. Based on the above mentioned programs, the overall stability ranking of the reference genes was estimated using RefFinder [37] by assigning an appropriate weight to an individual gene and calculating the geometric mean of the weights.
Validation of reference genes
In order to verify the effectiveness of the most stable reference genes for normalizing target gene expression data, three stress-responsive genes Cyt-Cu/Zn superoxide dismutase (Cyt-Cu/ Zn SOD), abscisic acid receptor (ABA), and proline transporter 2 (PRO) were selected and the 2 -ΔΔCT [38] method was applied to calculate their expressions. All gene expression data were analyzed by one-way ANOVA using the IBM SPSS statistical package version 21 (IBM Corp. Armonk NY USA). Test of significance was performed using the Tukey's test at α = 0.05. Table) .
Results

Expression levels of reference genes
Identification of stable reference genes geNorm. The gene expression stability measure (M-value) of the 12 selected reference genes was analyzed using the geNorm algorithm and the rank of each gene was determined. The M-values ranged from 0.174 (HSP, UBQ) to 0.838 (U6) for drought-stressed leaves, and 0.095 (ACTIN and GAPDH) to 1.176 (18S) for drought-stressed roots. The M-values for salinity-treated leaves and roots ranged from 0.253 (18S, and 25S) to 1.503 (eEF1a), and 0.276 (UBQ, and HSP) to 10.210 (EF1), respectively (Fig 2, S2 , S3, S4 and S5 Tables). According to geNorm the lower the M-value, the higher the stability of the gene, and vice versa. The threshold M-value for a stable gene is 0.5. As per this algorithm, the top stable reference genes for leaves were HSP and YT521 under drought, and 18S and 25S under salinity, while for roots, ACTIN and GAPDH under drought, and HSP and UBQ, under salinity.
NormFinder. NormFinder is a statistical algorithm, which is used to identify the most stable genes among a set of candidate genes. It ranks the genes according to their expression stability in a given set and experimental conditions. The genes with low stability values are considered to be the most stable, while those with high stability values are less stable. Stability values for leaves under drought and salinity stress ranged from 0.103 (UBQ) to 1.788 (U6) and 0.245 (HSP) to 2.306 (eEF1a), respectively. For the roots, the range of stability values under drought and salinity were 0.218 (UBQ) to 2.601 (18S), and 4.026 (ACTIN) to 20.137 (EF1), respectively (Fig 3, S2 , S3, S4 and S5 Tables).
BestKeeper. The BestKeeper program was used for the determination of standard deviation (SD) and coefficient of variation (CV) of Cq values, with lower SD and CV representing higher stability. The program uses a statistical method to determine the most stable genes, and compares the differentially expressed target genes under stress conditions on the basis of percentage of crossing points (CP). This analysis suggested that the most stable reference genes for drought-stressed leaves were ACTIN and TUBULIN, whereas for drought-stressed roots, ACTIN and HSP were most stable. Under salinity, GAPDH and ACTIN were most stable in the leaves, while TUBULIN and ACTIN were most stable in roots (Fig 4, S2 , S3, S4 and S5 Tables).
Comparative ΔC T . The ΔC T method was used to compare the expression of reference genes within each sample and ranks them based on the average of their standard deviation (SD). The results for the ranked values are shown in Fig 5, S2 , S3, S4 and S5 Tables. HSP and GAPDH were found to be the most stable genes in drought-treated leaves and roots, respectively, whereas YT521 and UBQ were the most stable in salinity-treated leaves and roots, respectively.
RefFinder (Comprehensive ranking).
RefFinder was used to obtain the comprehensive rankings of candidate reference genes by integrating the commonly used analytical programs (geNorm, NormFinder, BestKeeper and ΔC T method). The comprehensive results calculated by RefFinder showed that HSP and UBQ are most stable in drought-stressed leaves, whereas GAPDH and ACTIN were most stable in roots. Under salt stress, 25S and YT521 in leaves and UBQ and ACTIN in roots, were most stable (Fig 6, S2, S3, S4 and S5 Tables). The candidate reference genes were analyzed using geNorm, NormFinder, BestKeeper programs individually and the results shared high consistency with the presented results obtained from RefFinder.
Effect of stable reference genes for relative quantification
The most stable gene under different conditions in leaf and root tissues ranked first in Fig 6 was considered as a target gene and the genes ranking second and third (Fig 6) were considered as reference genes for normalization of gene expression using the 2 -ΔΔCT method [38] . Assuming that the target and the reference genes are expressed stably and constantly, the target gene is expected to have a relative quantity value of 1 for a specific tissue sample under a specific condition. The analysis showed that the target gene was stably expressed in all samples, although with slightly lower stable expression in salinity-treated roots (Fig 7) .
Validation of the stability of reference genes
The Cyt-Cu/Zn SOD, ABA receptor, and proline transporter 2 genes, which are induced under both salinity and drought were used as target genes to verify the expression stability of the reference genes. These 3 genes are known to participate in ROS scavenging (dismutation of O 2 -by SOD), limiting water loss by regulating stomatal aperture (ABA signaling) and osmotic adjustment to sustain cell turgidity and cellular metabolism (proline synthesis and accumulation). The top three most stable reference genes for each sample obtained from the RefFinder algorithm were used to normalize the expression of these 3 genes (Cyt-Cu/ZnSOD, ABA receptor, and proline transporter 2) (Fig 8) . Using the top three reference genes independently to normalize the target gene expression revealed some differences in the expression patterns, whereas normalization using a combination of the top two and three reference genes showed stable expression patterns in the different tissues. The results showed a 3-4 fold increase in expression of the Cyt-Cu/Zn SOD, 2-3 fold increase in ABA receptor gene and approximately 2 fold increase in proline transporter gene in the drought-and salinity-treated date palm leaf and root tissues. Normalization of gene expression using the most stable genes individually showed variation in the expression pattern except in the case of ABA receptor and proline transporter 2 genes in drought-stressed leaves, where a uniform pattern of gene expression was observed. On the contrary, using combination of the top stable reference genes revealed stable expression under drought and salinity stress in leaves and roots, with the exception of proline transporter 2 gene in salinity-stressed roots, where a combination of the top three genes (UBQ, ACTIN, eEF1α) showed relatively stable expression than the combination of the top two gene (UBQ, ACTIN). However, using the least stable reference genes (U6, 18S, eEF1α, EF1α) to normalize the expression value in the same analysis showed profound variations in the gene expression levels in leaves and roots in response to salinity and drought.
Discussion
Understanding the adaptive mechanisms of plants under drought and salinity is a major focal point in agronomic research. Gene expression analysis can unravel such adaptive mechanisms. 
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However gene expression data is only meaningful when it is normalized with an appropriate stable reference gene. qPCR is a decisive technique, which is routinely used in the rapid and accurate quantification of gene expression. However, the efficiency of the qPCR results depends mainly on the reference gene used for normalizing target gene expression. This warrants a need to mine for stable reference genes under different environmental conditions. Ideally, reference genes should have the same level of expression irrespective of environmental conditions. However, none of the reference genes satisfies this criteria and the analyses of different plant species suggest the use of specific reference gene under a particular condition, as the expression of reference genes can vary under different conditions [39] . Some authors have even suggested using more than one reference gene for the normalization, following differential expression of reference genes in different tissues of a plant species [40] . Therefore, it is necessary to evaluate the stability of different reference genes for accurate target gene expression analysis in different plant tissues. Thus far, suitable reference gene(s) for date palm's drought and salinity research has not been reported. In the present study we selected 12 different reference genes to assess and validate their stability in date palm. The study yielded 4 candidate genes that are stably expressed under specific stress conditions, and in different tissues, which can be suitably used as reference genes to normalize gene expression in date palm. In this study, geNorm, Normfinder, Bestkeeper, and ΔCq , the most widely used algorithms for assessing gene stability were used to calculate the expression stability of the reference genes. According to geNorm, the lower the M-value, the higher the stability of the gene, and vice versa [33] . The ranking results based on gene stability values obtained from the NormFinder algorithm were highly similar to those from geNorm. The results obtained for the stable reference genes in date palm were quite variable from those of other plants [23, 24, 41] suggesting high interspecific variation in stability of reference genes. The use of RefFinder to comprehensively find the most stable reference genes based on the above 4 algorithms produced HSP and GAPDH as the most stable in drought-stressed leaves and roots, respectively, while 25S and UBQ were most stable in salinity-treated leaves and roots, respectively.
Previous studies reported that the UBQ showed stable expression in Arabidopsis and Populus [42, 43] , GAPDH in sugarcane [41, 44] and EF1a in potato [41] . Studies in Capsicum annuum reported GAPDH and TUBULIN as the most suitable reference genes for normalizing gene expression [45] . In rice, UBQ5 and eEF-1α were the most stable reference genes across different tissues and developmental stages and hence recommended either single or their combination for normalizing gene expression [40] . Contrarily, our study yielded no such gene(s) for normalizing gene expression across two tissues and stress conditions. However, our study has identified tissue-specific and stress-specific genes, which are suitable for normalizing target gene expression in date palm.
Under drought, HSP in leaves and GAPDH in roots were found to be the most stable, whereas under salinity, 25S in leaves and UBQ in roots were found to be most stable genes. ACTIN was ranked as the second most stable reference gene in roots both under salinity and drought. YT512 was among the third most stable reference gene in leaves under salinity and drought. The 18S and 25S genes were most stable in salinity-treated leaves, but were least stable in drought-stressed leaves. GAPDH was one of the stable genes in drought-stressed roots, Validation of Reference Genes in Date Palm whereas this was not the case in salinity-treated roots. However, TBP-1 was found to be moderately stable in both leaves and roots under both stresses.
The suitability of reference genes for normalizing target gene expression ultimately depends on their ability to produce invariable expression of the target genes. This assessment has previously been used to confirm the suitability of various reference genes, singly or in combination, in different plant species, tissues and conditions [46, 47, 48, 49, 50] . In the current study, 3 genes (Cyt-Cu/Zn SOD, ABA receptor and proline transporter 2) that are inducible by drought and salinity [29, 51, 52] , were selected to validate the suitability of the most stable reference genes obtained from RefFinder (Fig 6) . High expression levels of three target genes were observed, when normalized using the top three stable reference genes (Fig 8) . Usage of the top stable reference genes individually for normalization showed modest variation in the expression, whereas target gene normalization using the combination of top two and three genes showed uniform and stable expression, hence suitable for gene expression analysis. Normalization of target gene expression using the least stable reference genes produced large variation in the pattern of gene expression (Fig 8) clearly indicating the unsuitability of these genes for normalization of gene expression. The gene expression of the target genes normalized using the most stable and the least stable reference genes showed biased expression, which was significantly different at P 0.05. The expression of Cyt-Cu/Zn SOD gene was higher in roots than in leaves under both drought and salinity stress. ABA receptor gene was expressed higher in salinitystressed roots than the other samples. Similarly proline transporter 2 gene was expressed at higher levels in salinity-stressed roots. Hence the combination of HSP, UBQ, and YT521, and GAPDH, ACTIN, and TUBULIN was best suited for normalization of gene expression in drought-stressed date palm leaves and roots, respectively. Similarly, for salinity-stressed date palm leaves and roots, combining 25S, YT521, and 18S and UBQ, ACTIN, and eEF1α yielded more consistent stable expressions, respectively. Thus, this study revealed the variation in the pattern of expression of different reference genes in leaves and roots in response to drought and salinity.
Selection of stable reference genes for gene expression analysis in date palm root was a major challenge due to the fact that isolating RNA of high quality and quantity was not easy. This could explain why gene expression studies on date palm roots were very limited. In the present study we were able to identify stable reference gene in roots under different stress conditions. Previous studies on root transcriptional analysis of date palm under short term salinity shock [20] used ACTIN and TUBULIN as reference genes for normalization of gene expression. The present study has clearly shown that while ACTIN is stable and hence suitable as reference gene, TUBULIN is only moderately stable in salinity-stressed date palm roots and thus not very suitable for normalizing gene expression under salinity stress.
In conclusion, the present study identified HSP and UBQ in leaves, or GAPDH and ACTIN in roots under drought, whereas YT512 and 25S in leaves or UBQ and ACTIN in roots were the most stable reference genes under salinity. Amongst the identified stably expressed reference genes in date palm, the top 2 or 3 genes depending on the tissue and environmental conditions for normalizing target gene expression were highly recommended. 
Acknowledgments
This work was supported by a generous grant from the Research Council of Oman (TRC) number 151 to MWY.
Author Contributions
Conceptualization: HVP MWY.
Data curation: HVP.
Formal analysis: HVP. The effect of the most stable and the least stable reference genes on the expression level (fold change) of Cyt-Cu/ZnSOD (SOD), abscisic acid receptor (ABA), and proline transporter 2 (PRO) obtained using the qPCR in drought-stressed leaves (A), drought-stressed roots (B), salinity-stressed leaves (C) and salinity-stressed roots (D). Bars represent mean log 2 fold change ± SE (n = 3), lower case letters indicates significant difference at P 0.05. doi:10.1371/journal.pone.0166216.g008
Validation of Reference Genes in Date Palm
Writing -review & editing: DVMA RA MWY RS.
